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Bose-Einstein condensates (BECs) repre-
sent one of the very few manifestations of
purely quantum effects on a macroscopic level
[1, 2]. The vast majority of BECs achieved
in the lab to date consist of bosonic atoms,
which macroscopically populate the ground
state once a threshold temperature has been
reached [3]. Recently, a new type of con-
densate was observed — the photon BEC
[4], where light in a dye-filled cavity ther-
malises with dye molecules under the influ-
ence of an external driving laser, condensing
to the lowest-energy mode. However, the pre-
cise relationship between the photon BEC and
symmetry-breaking phenomena has not yet
been investigated. Here we consider medium-
induced symmetry breaking in a photon BEC
and show that it can be used as a quantum
sensor. The introduction of polarisable ob-
jects such as chiral molecules lifts the degener-
acy between cavity modes of different polari-
sations. Even a tiny imbalance is imprinted
on the condensate polarisation in a ‘winner
takes it all’ effect. When used as a sensor
for enantiomeric excess, the predicted sensi-
tivity exceeds that of contemporary methods
based on circular dichroism. Our results in-
troduce a new symmetry-breaking mechanism
that is independent of the external pump, and
demonstrate that the photon BEC can be used
for practical purposes.
The pursuit of Bose–Einstein condensates (BECs)
has led to continuing innovation across theory and
experiment since its first prediction in 1924 [1, 2] and
experimental observation in 1995 [3]. A remarkable
recent development has been the photon BEC, whose
first realisation in 2010 [4] brought about a flourishing
field of modern research (e.g. [5–10]). The conden-
sate of light consists of a macroscopically occupied
lowest-energy state of a photon field confined to a
cavity, resulting in a central bright spot in the cav-
ity’s emission pattern.
In order to obtain a condensate of light, three con-
ditions must be satisfied. The first of these is that
photons should be allowed to exchange energy with
each other in a photon-number conserving way. As
indicated in Fig. 1, this is achieved by filling a cavity
with a dye whose emission and absorption spectra ful-
fil the Kennard-Stepanov relation [11, 12], which al-
lows an effective thermal interaction between the pho-
tons via repeated absorption and re-emission. The
second is that an effective photon mass should be pro-
vided in order to sustain the analogy with atomic con-
densates, this is given by the curvature of the cavity
mirrors which causes the photon dispersion relation
to be equivalent to that of massive bosons. Finally, a
confining potential is needed—this is naturally pro-
vided by the cavity. The resulting system is similar to
a laser, one crucial difference being that as the pump
power is increased there is a sharp jump in the occu-
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Figure 1: Schematic of the physical system consid-
ered here.
pation number of the lowest mode, occurring at far
below the power required for population inversion.
An aspect of the photon BEC which has not re-
ceived particular attention, and which uniquely dis-
tinguishes it from condensates of massive particles, is
its polarisation state. Previous experimental inves-
tigations have determined that the photon BEC has
a much more well-defined polarisation than a ther-
mal cloud [13]. This was investigated in [14], where
it was shown that the degree of polarisation differs
significantly either side of threshold.
In the mentioned experimental and theoretical in-
vestigations, standing-waves modes of differing po-
larisations have typically been degenerate in energy,
meaning that the polarisation degree of freedom is
governed entirely by that of driving laser that seeds
the condensate. In this work we consider a sys-
tem, where the polarisation symmetry is broken. We
achieve this here by introducing a medium that sup-
ports differently-polarised waves with two distinct re-
fractive indices. This lifts the degeneracy between
modes of different polarisation, so that a non-trivial
polarisation state emerges as an intrinsic feature of
the condensate itself. The difference between the two
refractive indices provides a simple degree of freedom
to tune, with the resulting emission pattern contain-
ing signatures of the nature of the medium inside the
cavity.
The symmetry-breaking medium could consist of
chiral or anisotropic molecules, or any other sys-
tem with a polarisation-dependent electromagnetic
response. The symmetry-broken condensate will then
reveal in-situ information about this system, such as
the handedness, orientation or conformational state
of molecules. We will use chiral molecules as an ex-
ample.
We will consider the set-up depicted in Fig. 1
where dye molecules fill the space between two gen-
tly curved, highly reflecting mirrors and are driven
by an external laser. The intra-cavity medium is
assumed to be chiral, hence breaking the polarisa-
tion degeneracy. After determining the energies and
loss rates of the polarised photon modes, we extend
the model by Keeling and Kirton [5, 6], in which
a Jaynes–Cummings-type cavity quantum electrody-
namics model was generalised to include the rovibra-
tional states of the dye molecules which are needed to
ensure thermalisation, to the case of non-degenerate
polarisation. We give a master equation and rate
equations for the coupled light–dye dynamics and use
the latter to study the characteristics of the emerg-
ing condensate and its dependence on the symmetry-
breaking properties of the medium and on the driving
laser.
Polarised modes. Waves confined in a cavity filled
with an optically-active medium of chiral suscepti-
bility χ are subject to different refractive indices
nσ = n± χ (σ = L,R, see, e.g. [15]) where n is the
refractive index of the intra-cavity medium which is
assumed to be non-magnetic (µ = 1). A cavity of chi-
ral mirrors which reflect left-handed waves into left-
handed ones and similarly for right-handed waves,
supports standing waves of well-defined circular po-
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larisation. The resulting mode energies
Ejlσ = ~ωjlσ = ~ω0jσ + l~ω‖σ (1)
(l = 0, 1, . . .) are (l + 1)-fold degenerate for spheri-
cal mirrors where the off-set ~ω0jσ = mjσc2σ + ~ω
‖
σ is
comprised of the normal mode energy and the lateral
zero-point contribution. In the following, we are go-
ing to use a multi-index ν = (j, l, σ) to denote the
modes where appropriate. For two highly-reflecting
mirrors (|rσ| = 1− δ with δ  1) and in the paraxial
approximation, the cavity resonances can be shown
to be of Lorentzian shape with widths κν = 2δcσ/L0
(see Methods section).
Generalising the works of Keeling and Kirton [5, 6],
the system Hamiltonian can be written in a Jaynes–
Cummings [16] form as
Hˆ =
∑
ν
~ων aˆ†ν aˆν +
∑
να
~gν(aˆν σˆ†α + aˆ†ν σˆα)
+
∑
α
{
1
2~ωDσˆ
z
α + ~ωV
[
bˆ†αbˆα +
√
Sσˆzα
(
bˆα + bˆ
†
α
)]}
.
(2)
Here, the first term is the Hamiltonian of the intra-
cavity field with mode creation and annilhilation op-
erators aˆ†ν , aˆν ; the second term describes the interac-
tion in the rotating wave approximation of the cavity
modes with the dye molecules indexed by α with cou-
pling constants gν = gjl for achiral dye molecules; and
the last term is the Hamiltonian of the dye molecules
with a single electronic transition of frequency ωD
described by Pauli operators σˆα, σˆ
†
α, σˆzα which is cou-
pled to rovibrational states of splitting ωV and asso-
ciated creation and annihilation operators bˆ†α and bˆα
via a Huang–Rhys factor S.
Applying a polaron transformation, the rovibra-
tional degrees of freedom can be integrated out along-
side those modes which are only weakly coupled
to the molecules. This leads to a master equation
whose Lindblad terms come from pumping of the dye
molecules by an external laser (γ↑), spontaneous de-
cay into field modes that have been integrated out
(γ↓) and stimulated emission (γ↓ν) as well as absorp-
tion (γ↑ν) from field modes included in the dynamics.
From these the coupled rate equations for the mean
photon numbers Nν = 〈aˆ†ν aˆν〉 and the excited-state
population of the molecules pe = 〈σˆασˆ†α〉 in a semi-
classical approximation can be deduced as
N˙ν = κNν − γ↑νNνM(1−pe) + γ↓ν(Nν+1)Mpe,
p˙e = −Γ↓pe + Γ↑(1− pe) (3)
with total rates
Γ↓ =γ↓ +
∑
ν
(l + 1)(Nν + 1)γ↓ν
Γ↑ =γ↑ +
∑
ν
(l + 1)Nνγ↑ν (4)
where M is the total number of dye molecules.
The main quantities of interest here are pho-
ton numbers in the stationary state of the driven-
dissipative system. Eliminating the molecular degree
of freedom in an adiabatic approximation [17], these
can be found as the stationary limit of
N˙ν = −κNν +M γ↓ν(Nν + 1)Γ↑ − γ↑νNνΓ↓
Γ↑ + Γ↓
. (5)
Before solving these equations numerically, it is worth
discussing the analytical solution which exists in the
single-mode case. For a high-quality cavity with κ
γ↑, γ↓, γ↑ν , γ↓ν , it simplifies to
Nν =

0 if τν ,
M(γ↑γ↓ν − γ↓γ↑ν)
κ(γ↑ν + γ↓ν)
if γ↑ ≥ τν .
(6)
which demonstrates the sharp jump in occupation
number at a threshold pump frequency given by
γ↓γ↑ν/γ↓ν ≡ τν .
Numerical simulations The steady-state rate equa-
tions (5) are solved with a semi-dynamical approach
used in [17]. The rates of stimulated emission γ↓ν
and absorption γ↑ν are derived from the spectrum of
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Figure 2: Polarisation symmetry breaking in a pho-
tonic Bose-Einstein condensate. Lower: Left and
right mode occupation numbers NL and NR as a
function of pumping rate γ↑, with refractive indices
nL = 1.3435, nR = 1.3395. The inset shows a de-
tail of the threshold region where the ‘pinning’ ef-
fect discussed in the text can be observed. Upper:
Stokes parameter S3 as a function of pumping rate
γ↑, using a full numerical approach (solid line) or a
single-model approximation with mode-pinning.
rhodamine 6G, which is fitted to experimental data
[18]. An example result of the numerical simulations
are shown in Fig. 2, where a sharp jump in occupa-
tion number for the left-polarised mode is observed
as the threshold frequency is crossed. Crucially, this
jump is not found in the right-polarised mode, mean-
ing that the output signal of the cavity will have a
clear ‘left’ polarization. This is a clearly measurable
signature of the vectorial nature of the condensate,
which cannot be achieved with BECs of massive par-
ticles. The effect can be quantified by investigating
the third Stokes parameter:
S3 =
NR −NL
NR +NL
(7)
which is shown in the inset of Fig. 2. There the po-
larization rapidly jumps from 0 > S3 & −0.1 (slightly
left-circularly polarised), to S3 = −1 (strongly left-
circularly polarised) as the threshold frequency is
passed.
Fig. 2 shows that the single, non-interacting mode
approximation does not capture the essential physics
of the symmetry-breaking effect. This is to be ex-
pected, as the single-mode approach neglects transfer
of energy between left- and right-circularly polarised
modes, which is the mechanism that allows our sys-
tem to pick out one polarisation. Nevertheless, its
qualitative behaviour can be described by a ‘pinning’
process, where whichever polarisation has a lower
condensation threshold as pump power is increased
becomes macroscopically occupied, with the other
one staying pinned to whatever occupation it had
when the other polarisation hit its threshold (even
if the pump power is far above its own threshold).
This process is the origin of the ‘winner takes it all’
character of the system, and as shown in the upper
panel of Fig. 2 this simple approach gives good ap-
proximations for the polarisation of the output beam.
Sensitivity Let us assess the ability of the pro-
posed system to detect realistic chiral imbalances. As
shown in the Methods section, the magnitude of the
chiral parameter χ can be calculated through
|χ| = 2.14× 10−8θmuα2 (8)
where mu is the mass of each chiral molecule in
atomic mass units u = 1.66 × 10−27kg, θ is the
tabulated specific rotation of the chiral molecules
with volume fraction α and  is the enantiomeric
excess, defined as the absolute value of the dif-
ference between the volume fractions of the two
enantiomers. Precise determination of  is the
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subject of considerable pharmacological interest
[19]. Considering a solute of glucose (mass 180u,
θ = 44◦) with volume fraction α = 40%, one finds
χ = 2.7 × 10−5. The enantiomeric excess is shown
as a percentage on the upper axis of Fig 3, where
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Figure 3: Use of the photonic Bose-Einstein conden-
sate as a detector for enantiomeric excess. Conden-
sate polarisation S3 as a function of refractive index
difference and chiral parameter χ (multiplied by 105)
and enantiomeric excess . The solid line corresponds
to the parameters shown in Tab. 1, while the dotted
lines have had γ0↑ν scaled by factors 0.5, 2 and 10 in
the order indicated.
χ is varied for a single pump frequency well above
threshold (γ↑ = 10GHz). The gradient dS3/d
at  = 0.5 is approximately 16, showing that a
state-of-the-art cryogenic enantiosensitivity of 0.02
[20] can be detected as a shift of around 0.32 in the
Stokes parameter S3. The accuracy of the Stokes
parameter measurements already carried out in the
first (and so far only) photon BEC polarisation
experiments [13] was around ±0.2. Figure 3 also
demonstrates how the sensitivity of the device and
its operating window (i.e. the range and slope of the
circular polarisation as a function of enantiomeric
excess between the two plateau regions) can be
modified by varying the dye-molecule response γ↑ν
at the frequency of the laser-cavity system. Finally,
Fig. 4 shows a summary of the ideas presented here,
Figure 4: Stokes parameter S3 as a function of chi-
ral parameter χ and pumping strength γ↑, using the
parameters shown in Tab. 1.
where both the refractive index difference and the
pumping strength are varied simultaneously. While
the system is unpolarised below threshold, a unique
circular polarisation emerges above threshold that
is governed by the enantiomeric excess. We note
that any type of chiral molecule or structure which
can be dissolved a solvent alongside rhodamine 6G
could be investigated in this way. Taking methanol
as an example solvent as above, these include for
instance α-methyl-2-naphthalenemethanol [21] and
phospholipid tubules [22].
Summary and conclusions. The photon BEC is
a remarkable new physical system whose applica-
tions are only beginning to be explored. Here we
have proposed a polarisation-symmetry breaking
mechanism that can serve as a sensitive probe for
magnetoelectric properties of liquid media. We
have illustrated this for the case of chiral molecules,
where the condensate can be used as an extremely
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sensitive probe of the enantiomeric excess of a liquid
medium at room temperature. These operating
conditions mean that the pharmacological applica-
tions of the completely new type of chiral sensor
proposed here could be widespread. Our analysis
applies to any photon BEC with two different types
of mode, such as for instance birefringent media
where the horizontal-vertical polarisation can serve
as a diagnostic tool for detecting the orientation
of anisotropic molecules or, by proxy, very weak
electric or magnetic fields inducing this orientation.
Signatures of conformational chemical reactions
could then be observed in real-time. A possible
future direction to be explored is the interplay of
the mode geometry with the spatial distribution
of symmetry-breaking probe molecules in analogy
with cavity-QED setups for position monitoring
and control [23]. In a broader context, this shows
that the photon BEC is ready for an explosion of
practical applications in the same way the laser was
after its first realisation in the lab.
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Methods
Determination of mode energies. To determine
the energies of the circularly polarised standing-wave
modes in the cavity shown in Fig. 1, we generalise
the procedure given in Ref. [4]. The cavity is as-
sumed to be formed by two curved chiral mirrors
of identical radius R. Denoting the mirror separa-
tion along the optical axis by L0, the cavity length
at a lateral distance r away from the optical axis is
L(r) = L0 − 2
(
R−√R2 − r2). Separating the wave
vector k =
√
k2z + k
2
‖ into its normal and lateral com-
ponents kz and k‖, respectively, using the dispersion
relation E = ~kcσ (cσ = c/nσ: speed of light within
the chiral medium with c denoting the vacuum speed
of light) and noting that the normal component of a
standing-wave mode has to fulfil the resonance con-
dition kz = pij/L(r) (j = 1, 2, . . .), the associated en-
ergy reads
Ejσ(r, k‖) = ~cσ
√
j2pi2
L2(r)
+ k2‖
≈ pi~cσj
L0
+
~cσL0k2‖
2pij
+
pi~cσjr2
2L20R
(9)
in the paraxial approximation (r  R, k‖r  1).
The lateral mode structure is hence that of a two-
dimensional harmonic oscillator with an effective
photon mass mjσ = pi~j/(cσL0) and a lateral fre-
quency ω
‖
σ = cσ/
√
L0R.
Cavity decay To describe the dynamics of these
modes for imperfectly reflecting mirrors, we also need
to determine their cavity leakage or decay constants
κ. To this end, we consider the electromagnetic
Green’s tensor G(r, r, ω) which is directly related to
the spectral energy density ρ = (~/pi)(ω2/c2) tr Im G
of the electromagnetic field inside the cavity. When
neglecting the mirror curvature, the cavity Green’s
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tensor is given by
G(1)(r, r, ω) =
i
8pi2
∫
d2k‖
kz
∑
σ
1
Dσ
×
[
r2σe
2ikzL0(eσ+eσ+ + eσ−eσ−)
+ rσ
(
e2ikzzeσ+eσ− + e−2ikzzeσ−eσ+
)]
(10)
where rσ are the reflection coefficients of the cav-
ity mirrors, eσ± are the polarisation units vectors
for the respective σ-polarised plane waves traveling
in the positive or negative z-direction, respectively
and Dσ = 1− r2σe2ikzL0 . For two well-reflecting mir-
rors (|rσ| = 1− δ with δ  1) and in the paraxial ap-
proximation, the denominators in the vicinity of the
cavity resonances read Dσ ∝ (ω − ω0jσ) + iκ/2 with
κ = 2δcσ/L0, showing that the cavity resonances are
of the Lorentzian shape used in the main text.
Deriving the rate equations Beginning from the
Hamiltonian (2), we apply a polaron transformation
Hˆ 7→ Uˆ † ˆHUˆ with Uˆ = exp [∑α√Sσˆzα(bˆα − bˆ†α)] [24],
after which the Hamiltonian assumes the form
Hˆ =
∑
ν
~ων aˆ†ν aˆν +
∑
α
(
1
2~ωDσˆ
z
α + ~ωVbˆ†αbˆα
)
+
∑
να
~gν(aˆν σˆ†αDˆα + aˆ†ν σˆαDˆ†α) (11)
The first term is the Hamiltonian of the intracavity
field with mode creation and annihilation operators
aˆ†ν , aˆν . The second term is the free Hamiltonian for a
dye molecule with a single electronic transition (fre-
quency ωD, described by Pauli operators σˆα, σˆ
†
α, σˆzα ),
and a ladder of rovibrational levels (frequency split-
ting ωV, described by creation and annihilation oper-
ators bˆ†α and bˆα). The final term describes the mutual
interactions of photons with the electronic and rovi-
brational transitions through the coupling constants
gν and the Huang-Rhys factor S. We can then in-
tegrate out the rovibrational degrees of freedom to-
gether with those field modes which are only weakly
coupled to the molecules to arrive at a master equa-
tion [5, 6]
˙ˆρ =− i
~
[
Hˆ0, ρˆ
]
−
(∑
ν
κ
2
L[aˆν ] +
∑
α
{
γ↑
2
L[σˆ†α]+ γ↓2 L[σˆα]
}
+
∑
να
{
γ↑ν
2
L[aˆν σˆ†α]}+ γ↓ν2 L[aˆ†ν σˆα]
)
ρˆ (12)
where Hˆ0 describes the Hamiltonian dynamics
of the electronic dye transition and the remain-
ing cavity modes (which play no further role
here). The notation in the Lindblad terms
L[Oˆ]ρˆ = {Oˆ†Oˆ, ρˆ} − 2OˆρˆOˆ† is explained in the main
text. The rates for the stimulated emission and ab-
sorption processes read γ↓ν = 2 ReKν(ωD − ων) and
γ↑ν = 2 ReKν(ων − ωD) with
Kν(ω) = g
2
ν
∫ ∞
0
dt
〈
Dˆα(t)Dˆα(0)
〉
e−(γ↑+γ↓)t/2e−iωt.
(13)
Note that the spatial variation of both the coupling
constant gν and the rates γ↓, γ↓ν and γ↑ν have been
neglected, so that these quantities are equal for all
dye molecules. The master equation (12) allows semi-
classical rate equations for the mean photon numbers
and the excited-state population of the molecules to
be derived, these are Eqs. (3) in the main text.
Numerical simulations We model the response of
the dye molecules via the following functions
γ↓ν =
δ2γ0↓ν
δ2
4 + (Ω0 + lω
‖
σ −∆Ω)2
,
γ↑ν =
δ2γ0↑ν
δ2
4 + (Ω0 + lω
‖
σ + ∆Ω)2
(14)
with parameters listed in Table 1. The resulting emis-
sion and absorption spectrum is shown in Fig. 5,
where the j = 7 manifold is selected, which is as-
sumed throughout this work.
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Dye and solvent parameters Cavity parameters
δ 50 THz [18] R 1 m [4]
γ↓, gν 1 GHz [5] L0 1.46 µm [4]
γ0↓ν , γ
0
↑ν 10 Hz [18] M 10
9 [5]
∆Ω 4.18 THz [18] κ 100 MHz [5]
Ω0 3 456 THz [18]

(|rσ| = 0.99)
n 1.34 [25] j 7 [4]
Table 1: Parameters used in the numerical simula-
tions. The cavity parameters are taken directly from
the experiment [4], the solvent and dye spectral pa-
rameters are fitted to measured data [18, 25], and
the remainder are taken from theoretical work [5] de-
scribing the experiment [4].
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Figure 5: Emission and absorption spectrum. Every
tenth mode (l = 0, 10, 20...) is shown, while the lowest
mode for each polarisation is shown as a thick line.
Chiral sensitivity. The value of the chiral parameter
χ in terms of the wavelength λ of light incident on a
sample of molecular number density ρ is [15];
|χ| = |Θ|αρmλ
2pi
. (15)
Here, α is the volume fraction of chiral molecules of
mass m in the whole solution, and Θ is the specific
rotation given by
Θ = α(αR − αL)θ · 0.01 m2/kg (|αR − αL| = )
(16)
where θ is the tabulated value for a particular
molecule (often referred to itself as the specific ro-
tation), and ασ are the volume fractions of each
enantiomer within the chiral component of the so-
lution (αL + αR = 1), so that the absolute value
of their difference is the enantiomeric excess . The
angle θ parameterises how much a particular chiral
molecule rotates an incoming beam of circularly po-
larised light, independent of the concentration and
propagation length. The number density of the
methanol which fills the cavity in the proposed device
is ρ = 1.488 × 1028m−3, and its operating frequency
of 3450 THz corresponds to a wavelength of 546nm.
Substituting these values into Eq. (15) via Eq. (16)
one arrives at Eq. (8).
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